Exposure to prolonged or high intensity noise increases the risk for permanent hearing impairment. Over several decades, researchers characterized the nature of harmful noise exposures and worked to establish guidelines for effective protection. Recent laboratory studies, primarily conducted in rodent models, indicate that the auditory system may be more vulnerable to noise-induced hearing loss (NIHL) than previously thought, driving renewed inquiries into the harmful effects of noise in humans. To bridge the translational gaps between rodents and humans, nonhuman primates (NHPs) may serve as key animal models. The phylogenetic proximity of NHPs to humans underlies tremendous similarity in many features of the auditory system (genomic, anatomical, physiological, behavioral), all of which are important considerations in the assessment and treatment of NIHL. This review summarizes the literature pertaining to NHPs as models of hearing and noise-induced hearing loss, discusses factors relevant to the translation of diagnostics and therapeutics from animals to humans, and concludes with some of the practical considerations involved in conducting NHP research.
I. INTRODUCTION
Auditory research has greatly benefitted from basic and applied research involving a broad range of species. At every level of analysis, from molecular to cellular to systems, the vast majority of what we know about the structure and function of the auditory system has been gleaned from studies conducted in selected animal models. Each model offers inherent advantages for the exploration of particular features but may have limited utility for the study of others. The tremendous depth and breadth of our understanding, both current and future, is the product of this diverse collective.
It is well-established that single or multiple exposures to loud noise can elevate auditory thresholds, and it is hypothesized that acoustic trauma can induce hypersensitivity and tinnitus. Noise-induced threshold shifts can be temporary (temporary threshold shift, TTS) or permanent (permanent threshold shift, PTS). Early research indicated that PTS is caused primarily by outer hair cell (OHC) loss, and that nerve fiber loss was secondary to the loss of inner hair cells (IHCs), whereas TTS was not associated with permanent cochlear pathology (Liberman and Dodds, 1984; Moody et al., 1978; reviewed in McGill and Schuknecht, 1976; Saunders et al., 1985) . These conclusions have been augmented by recent studies in rodents showing that IHC ribbon synapses and afferent nerve fibers are more sensitive to acoustic trauma than previously thought (Kujawa and Liberman, 2009) . Ribbon synapses are rapidly and permanently lost following exposure to noise sufficiently loud enough to induce TTS, followed by delayed loss of spiral ganglion cells (Fernandez et al., 2015) . Furthermore, exposures sufficient to kill OHCs are accompanied by significant losses of afferent nerve fibers on IHCs that survive the exposure (Valero et al., 2017) .
As these discoveries expand our understanding of NIHL, they also raise issues relevant to human health and lifestyle. First, the vulnerability of humans to all forms of NIHL is uncertain. Most of the recent discoveries were derived from rodent studies, where histological verification of cochlear pathology is easily achieved. Comparable studies in humans are limited by practical and ethical concerns. Second, susceptibility to NIHL appears to vary widely between individuals and species. TTS and PTS are induced at lower sound pressure levels (SPLs) in rodents, compared to humans and nonhuman primates (e.g., Luz and Lipscomb, 1973; Valero et al., 2017) . The dose-response defining the risk factors for developing NIHL along the TTS-PTS continuum is incomplete, as the parameter space is quite large, including variables such as age, sex, circadian rhythms, and spectrotemporal characteristics of the noise (see Topics 1 and 2, this issue). Third, reliable and sensitive diagnostic metrics are needed to identify synaptopathy and other types of peripheral and central pathology associated with noise exposure. The pure tone audiogram and other classic audiologic assessment tools are generally insensitive to the presence of synaptopathy in TTS. Finally, the treatment of NIHL by emerging pharmacologic and genomic techniques under development in rodent models raise questions about translation to humans (see Cousins, this issue).
Nonhuman primates (NHPs) may be a key translational model to help address many of these issues. NHPs occupy a a) Electronic mail: ramnarayan.ramachandran@vanderbilt.edu unique niche in biomedical research due to their phylogenetic proximity to humans, and because the physiological processes and phenotypic outcomes associated with human disorders are often closely mirrored in monkey models. Oldworld monkeys, such as rhesus macaques, cynomolgus macaques, and baboons, as well as New-World monkeys, such as marmosets and squirrel monkeys, have served as invaluable models in a wide array of biomedical studies, including within the auditory research field. These model systems may be key to better defining regulations for workplace noise exposure and for translating therapeutics to the clinic.
In this review, we summarize literature pertaining to the use of NHPs as models of hearing and noise-induced hearing loss. Because macaque monkeys are currently the most thoroughly studied NHP with respect to noise trauma, studies of this species are emphasized. We also discuss factors relevant to the translation of therapeutic strategies from animals to humans, including potential advantages of NHPs as an intermediate model. The article concludes with some of the practical considerations involved in conducting NHP research.
II. NONHUMAN PRIMATES AS A MODEL OF AUDITION

A. Phylogeny
The primary rationale for the inclusion of NHPs in basic and applied biomedical research is their phylogenetic proximity to humans, and Old-World monkeys are more closely related to humans than are New-World monkeys. Macaque monkeys, for example, diverged from humans approximately 25 Â 10 6 years ago and share 93.5% genetic sequence similarity with humans. By comparison, rodents diverged from humans about 70 Â 10 6 years ago and retain about 85% sequence homology (Kumar and Hedges, 1998 ; Rhesus Macaque Genome Sequencing and Analysis Consortium et al., 2007) . Consequently, NHPs exhibit greater similarity to human physiology, neurobiology, and susceptibility to infectious and metabolic diseases. These features support the inclusion of NHPs in biomedical research, where the goal is to maximize success and minimize risk in a wide array of human applications (e.g., cardiology, cognition, genetics, HIV/AIDS, immunology, neurology, pharmacology, reproduction, respiratory disease, movement disorders, and vaccines against Ebola and Zika viruses) (Phillips et al., 2014; Wichmann et al., 2018; Espeland et al., 2018; Heppner et al., 2017) .
Within the field of auditory research, the genomic conservation between macaques and humans will likely facilitate our understanding of how gene expression, and the regulation thereof, contribute to the varying vulnerability between individuals to acoustic trauma (e.g., (Barden et al., 2012; Burns et al., 2015; Cai et al., 2015; Lavinsky et al., 2016; Mutai et al., 2018) , age-related hearing loss (Bowl and Brown, 2018; Hoffmann et al., 2016) , as well as one's responsivity to therapeutics. While emerging genomic studies of the auditory periphery of NHP and human cochleas highlight some similarities in cochlear gene expression (Mutai et al., 2018; Schrauwen et al., 2016) , comparable studies of the central auditory system are lacking.
B. Behavioral training and psychoacoustic testing
One of the most notable advantages of the NHP model relative to rodents is its ability to quickly learn complex tasks and perform these tasks with great accuracy for long durations of time. Within a few weeks to months of training, primates can perform behavioral tasks in daily sessions lasting up to several hours. Various training methods have been employed with great success, including positive reinforcement with fluid or food rewards or shock avoidance paradigms. Because primates are highly motivated by positive reinforcement, this more ethically favorable technique is most commonly used today. Furthermore, technological advances that allow for cage-side subject training and testing (depending on the study constraints) increase subject comfort (Berger et al., 2018; Calapai et al., 2017) . Behavioral studies considerably strengthen the translational power of the primate model, as the same tasks can be utilized in both human and nonhuman studies, allowing for direct crossspecies comparisons. Here, we describe behavioral studies of NHP hearing across the hierarchy of auditory perception, including investigations of auditory detection, discrimination, identification, and comprehension.
The first behavioral investigations of NHP auditory function characterized hearing sensitivity by assessing tone detection in quiet. Audiograms have been measured in NHPs under a variety of pathologic states, including noise-induced hearing loss (as discussed in detail below) and age-related hearing loss (Bennett et al., 1983) . Previously published reviews have extensively discussed normative behavioral audiograms in nearly 30 different NHP species, including Coleman (2009) and Coleman and Colbert (2010) , as well as more recent additions by Osmanski and Wang (2011) and Dylla et al. (2013) .
Briefly, primates have varying audible frequency ranges, but generally cover frequencies between 40 and 40 000 Hz (Coleman, 2009 ), approximately one octave higher than the 20 to 20 000 Hz range of humans (Hawkins and Stevens, 1950; Sivian and White, 1933 ; further species comparisons in Heffner and Heffner, 2007) . NHP audiograms generally resemble those of humans, though with slightly poorer low frequency hearing and an extended high frequency hearing range (see Heffner, 2004) . Humans and macaques have a Ushaped audiogram with an area of greatest sensitivity that approaches values of 0 dB SPL (humans: 500-4000 Hz, e.g. Hawkins and Stevens, 1950; Sivian and White, 1933 ; rhesus macaques: 1000-16 000 Hz, Fig. 1 ; Pfingst et al., 1978; Dylla et al., 2013) , surrounded by a shallow low frequency tail and a steep high frequency tail. Several species of NewWorld primates, including marmosets, owl monkeys, and squirrel monkeys, have W-shaped audiograms, in which a less sensitive frequency region is flanked by a lower-and higher-frequency region of increased sensitivity (marmosets: Seiden, 1957; Osmanski and Wang, 2011; owl monkeys: Beecher, 1974a; squirrel monkeys: Beecher, 1974b ). However, this should not be mistaken as a phenomenon specific to New-World primates, as W-shaped audiograms have also been observed in baboons (Hienz et al., 1982) and chimpanzees (Kojima, 1990) .
In addition to tone detection in quiet, the macaque psychoacoustics literature is rich with iterations of tone detection experiments in quiet and in background noise to probe more complex auditory processing (e.g., Dylla et al., 2013; Gourevitch, 1970) . Our understanding of basic auditory processing has been refined by these assessments, and these assays will be important in future studies to define the functional consequences of acoustic trauma on auditory perception and to inform diagnostics. For example, loudness perception has been estimated in NHPs by examining the relationship between signal intensity and reaction time latency (Gates et al., 1963; Stebbins, 1966; Stebbins and Miller, 1964) . Such studies have provided evidence that NHPs experience loudness recruitment during temporary and permanent noise-induced hearing loss (see Sec. III for further details), which is consistent with reports in humans (Moore, 1996) .
Primate frequency selectivity has been measured behaviorally via psychophysical tuning curves (Serafin et al., 1982) and tone detection in narrowband noise (Gourevitch, 1970) or notched-noise . These behavioral studies, as well as a pair of studies using otoacoustic emissions (OAEs) to probe frequency selectivity (Joris et al., 2011; Verschooten et al., 2018) , have demonstrated slightly broader frequency selectivity in normal hearing macaques relative to normal hearing humans. There are no known studies to date that have assessed the effects of noise trauma or aging on frequency selectivity in NHPs.
Temporal resolution has been assessed in behavioral tasks such as amplitude-modulation detection (Moody, 1994; O'Connor et al., 2011) , tone detection in amplitudemodulated noise (Bohlen et al., 2014; Dylla et al., 2013) , and tone detection in gated and inversely-gated noise (Rocchi et al., 2017) . While some studies have suggested that temporal resolution in macaques is poorer than in humans (O'Connor et al., 1999; O'Connor et al., 2011) , data from the authors' laboratory show comparable temporal resolution in normal hearing macaques (Dylla et al., 2013) .
Furthermore, spatial release from masking in macaques appears to be similar to humans (Rocchi et al., 2017) .
NHPs are also able to perform a variety of auditory discrimination tasks that may inform the consequences of acoustic trauma, but they are too extensive to review thoroughly here. Acoustic parameters to discriminate include: tone frequency (Moody et al., 1971; Osmanski et al., 2016; Pfingst, 1993; Prosen et al., 1990; Recanzone et al., 1991; Sinnott et al., 1985; Stebbins, 1973; Wienicke et al., 2001) , tone intensity (Pfingst, 1993; Sinnott and Brown, 1993a,b; Sinnott et al., 1985; Stebbins, 1973) , amplitude-modulation frequency (Moody, 1994) , monaural phase (Moody et al., 1998) , stimulus rise time (Prosen and Moody, 1995) , stimulus location Brown et al., , 1980 Heffner and Heffner, 1990; Heffner and Masterton, 1975; May et al., 1986) , and harmonic complex composition (Le Prell et al., 2001; Tomlinson and Schwarz, 1988) . Monkeys have also been trained to discriminate conspecific vocalizations (Heffner and Heffner, 1984; Hopp et al., 1992; Le Prell and Moody, 1997; May et al., 1989; Petersen et al., 1978; Zoloth et al., 1979) as well as human speech sounds (Sinnott et al., 1976; Sinnott, 1989; Sinnott et al., 2006; Sommers et al., 1992) .
Auditory stimulus identification and comprehension are more challenging to probe in nonhuman animals. In perhaps one of the first studies of its kind in the auditory domain, Hocherman et al. (1976) trained rhesus macaques to perform an audiovisual selective attention task, where subjects moved the lever to the left or right according to the type of auditory or visual stimulus presented. Researchers continue to push the envelope with regards to task complexity. In recent studies, NHPs have been trained to perform tasks such as a "delayed match to sample" task to assess auditory working memory (Ng et al., 2014; Scott et al., 2012) . Another task assesses short-term memory, as well as decision-making, by asking subjects to discriminate acoustic flutter stimuli with long inter-stimulus intervals (Lemus et al., 2009) . Even more complex behaviors include the discrimination of auditory illusory percepts to investigate auditory feature-ground grouping (Petkov et al., 2003) , stream segregation (Christison-Lagay and Cohen, 2014; Lakatos et al., 2013) or feature-specific discrimination (Downer et al., 2017) to probe selective auditory attention, and sequence content identification (i.e., does the sequence contain more high or low frequency tones) to investigate perceptual decision-making (Tsunada et al., 2016) .
While it is not trivial to train primates on behavioral tasks, the data provide an invaluable link to the following complementary approaches for studying auditory function in primates as well as illuminate the translatability of the NHP model to humans.
C. Noninvasive electrophysiology
Behavioral assessments of hearing and hearing loss may be augmented by a number of noninvasive techniques to probe the integrity of specific structures in the auditory pathway. Several clinical audiology measures have been modified for use in animals, including the auditory brainstem response (ABR), electrocochleography (ECochG), OAEs, and immittance testing. These noninvasive diagnostic tests can be performed identically in well-trained or anesthetized animal models and human patient populations, linking invasive observations in animal models, such as histology and/or invasive physiology, to the noninvasive metrics in humans. In particular, these metrics are essential for the differential diagnosis of auditory pathologies, especially when behavioral data are difficult to obtain, as in children and some animal species.
ABRs are evoked potentials measured at the scalp in response to repeated presentations of short-duration stimuli. This test evaluates the integrity and synchrony of the auditory system from cochlea to brainstem. The ABR waveform is characterized by four to five peaks that are time-locked to the stimulus onset and represent the summed response of progressively more central generators in the auditory periphery and brainstem. The generator of Wave I is clearly the auditory nerve, regardless of species, but macaque ABRs have prominent Waves I, II, and IV, which are likely homologous to the classical human Waves I, III, and V (Allen and Starr, 1978; Kraus et al., 1985; Alegre et al., 2001) . Similar waveform discrepancies have been noted in squirrel monkeys (Pineda et al., 1989) and marmosets (Harada and Tokuriki, 1997) .
ABRs have been used in macaques to assess hearing status and auditory system integrity following acoustic trauma (Hauser et al., 2018; Valero et al., 2017) , to assess the effects of the normal aging process (Torre and Fowler, 2000; Fowler et al., 2002; Fowler et al., 2010; Ng et al., 2015) , to assess whether caloric restriction can ameliorate the aging effects on the auditory system (Fowler et al., 2002; Fowler et al., 2010) , and to assess the effects of AIDS (Raymond et al., 1998; Riazi et al., 2009) , prosthetic implantation (Dai et al., 2011) , lead exposure (Lasky et al., 2001) , or ototoxic drug administration (Shepherd et al., 1994) on hearing status. Furthermore, Dai et al. (2017) used ABRs to demonstrate the safety of intracochlear injections using saline, which provided a promising foundation for direct drug delivery to the ear. ABRs are typically used to estimate hearing thresholds (as illustrated for rhesus macaques in Fig. 1 ), although ABR thresholds tend to be higher than behavioral thresholds across many species, including NHPs (Lasky et al., 1999; see Fig. 1 ). Suprathreshold ABR measurements may be more informative for identifying the loss of IHC synapses (see below).
ECochG is conceptually similar to the ABR, except the recording electrode is placed on or near the tympanic membrane instead of the ear lobe or mastoid. This nearer-field electrode placement improves the isolation of the summating potential (SP) and Wave I. ECochG is primarily used clinically in the diagnosis of Meniere's disease. However, it has recently regained popularity as a possible diagnostic for synaptopathy . ECochG has been reliably obtained in macaques, showing similar morphology to humans (see Fig. 2 ; also Pugh et al., 1973) .
Otoacoustic emissions (OAEs), which are spontaneous or sound-evoked sounds originating from nonlinearities in OHC electromotility, can be measured non-invasively from the external auditory canal. As such, OAEs are used to evaluate OHC health, and this metric is an important differential diagnostic tool when paired with ABRs, particularly in cases of auditory neuropathy, in which ears with normal OAEs have grossly abnormal ABR waveform morphology (Starr et al., 1996) . Several varieties of OAEs have been reported for macaques, including: spontaneous (SOAEs: Martin et al., 1985 Martin et al., , 1988 , stimulus-frequency (SFOAEs: Martin et al., 1988; Joris et al., 2011 ), transient-evoked (TEOAEs: Martin et al., 1988 Lasky et al., 2000) , and distortion product (DPOAEs: Martin et al., 1988; Park et al., 1995; Lasky et al., 1999; McFadden et al., 2006; Dai et al., 2011; Dai et al., 2017; Valero et al., 2017) . The prevalence of SOAEs is lower in macaques than humans, though much higher than other laboratory species (Lonsbury- Martin and Martin, 1988) . DPOAEs amplitudes are similar to those observed for humans using similar stimulus parameters, suggesting similar peripheral generation mechanisms Park et al., 1995; Lasky et al., 2000) .
Acoustic immittance testing can be used to evaluate patency of the middle ear (tympanometry) and integrity of the acoustic reflex pathways (middle ear muscle reflex, medial olivocochlear reflex). Tympanometry has been evaluated in normal hearing and pathologic macaques and squirrel monkeys (Igarashi et al., 1979; Jerger et al., 1978b,a; Lasky et al., 2000; Bachmann, 1996) . Macaques have smaller ear canal volumes and reduced compliance compared to humans (Bachmann, 1996; Lasky et al., 2000) . Stapedius reflexes have been evaluated in squirrel monkeys (Igarashi et al., 1979; Jerger et al., 1978b Jerger et al., , 1978a Thompson et al., 1984) and macaques (Mangham and Miller, 1976) . Immittance testing is a reliable diagnostic tool for differentiating between conductive and sensorineural hearing losses (Jerger et al., 1978b,a) , and is a promising metric for the diagnosis of synaptopathy (Valero et al., 2016; Valero et al., 2018; Wojtczak et al., 2017; Bharadwaj et al., 2019) .
III. AUDITORY DYSFUNCTION FOLLOWING NOISE EXPOSURE
A. Background
The primary motivations for studies of noise-induced hearing loss have historically centered on establishing safety standards and damage-risk criteria for industrial workers and military personnel. More recently, motivations have extended to include the development of diagnostics and potential therapeutics for prevention or recovery from acoustic trauma. As is the case for all human pathologies, humans are the most relevant model system for assessing vulnerability to noise-induced hearing loss. However, the availability of post-mortem cochlear tissue is necessarily opportunistic in human research, and the likelihood of a concomitant audiogram and noiseexposure history being available is low.
Controlled noise exposure studies carried out on young adult humans in the mid-20th century helped to characterize the relationship between signal duration and intensity to the severity of TTS and rate of TTS recovery (e.g., Davis et al., 1950; Ward et al., 1959; Ward, 1960; Klein and Mills, 1981; Mills et al., 1981) and the results of such studies are reviewed elsewhere (Dobie and Humes, 2017) . These studies were informative for setting damage-risk criteria, but the lack of structure-function correlations in this experimental design, due to the inability to non-invasively biopsy or image cochleas, was limiting. Furthermore, ethical considerations caused these studies to quickly fall out of favor due to the potential for permanent cochlear damage. In more recent years, human noise exposure studies have re-emerged in the context of drug development (Grinn et al., 2017; Le Prell et al., 2012; Spankovich et al., 2014) , but exposures are carefully designed to minimize the risk for permanent damage and to maintain ethical standards (Maison and Rauch, 2017) .
As human noise-exposure studies declined, researchers turned to laboratory animals, such as rats and chinchillas, to address the persistent questions concerning noise-induced hearing loss. Chinchillas were particularly favored, as their hearing range and cochlear length are similar to humans, and their docile nature facilitates awake non-invasive procedures and operant conditioning behavioral paradigms. However, concerns were raised regarding species-specific differences in susceptibility to damage by acoustic overexposure (e.g., Drescher and Eldredge, 1974; Hunter-Duvar and Bredberg, 1974; Luz and Lipscomb, 1973) , suggesting limited translatability for establishing damage-risk criteria. This instigated the onset of several series of experiments in nonhuman primates.
These studies aimed to describe the relationships between:
(1) Noise exposure stimulus parameters and cochlear pathology at the gross anatomical level, in terms of both severity and location of cochlear damage. (2) Noise exposure stimulus parameters and the magnitude of TTS and PTS, as assessed by behavioral audiograms. (3) Initial severity, growth, and recovery rate of TTS and any eventual PTS.
What follows is a detailed review of the existing literature on nonhuman primates and noise-induced hearing loss. While many aspects of the experimental design varied across studies, this review will be divided into sections based on the type of exposure stimulus: octave band and broadband noise, pure tones, and impulse noise. Studies of noiseinduced hearing loss in NHPs are listed with experimental details in Table I . This review is intended to be comprehensive to the best knowledge of the authors. The relative paucity of NHP studies should be apparent from the table.
B. Octave band and broadband noise exposures
Researchers at the University of Michigan were among the first to study cochlear pathology in NHPs. Their initial focus on antibiotic ototoxicity identified severe cochlear lesions characterized by complete IHC and OHC loss and the presence of phalangeal scars following aminoglycoside use (e.g., Stebbins et al., 1969) . The lesions progressed from base to apex with increasing treatment duration. Behavioral pure-tone audiograms were correlated with the anatomical findings, with threshold shifts of 60þ dB resulting from the cochlear lesions. Steep cutoffs and a high degree of symmetry across ears were noted, both anatomically and behaviorally. Overall, these findings provided some of the first direct scientific evidence for the place theory of hearing, which was relatively new at the time (Davis, 1957) .
Following this and other studies on ototoxicity, several groups took on investigations of noise-induced hearing loss, due to its broader relevance and greater prevalence. Modeling noise exposure conditions against typical workrelated noise conditions, the Michigan group created permanent hearing loss with long, repeated exposures to 120 dB SPL noise (presented for 8 h per day for 20 days). In these classical studies, the exposures consisted of either broadband or octave band noise with varying center frequencies (Hawkins et al., 1976; Moody et al., 1978) .
In agreement with the prior ototoxicity studies, the basal cochlea seemed uniquely vulnerable to damage. The basalmost hook region of the cochlea was particularly vulnerable, showing complete ablation in nearly all noise-exposed subjects (Hawkins et al., 1976) . This extreme basal loss of all OHCs and IHCs was thus termed a juxtafenestral ("near the window") lesion (Hawkins et al., 1976) . Beyond the base, noise-induced damage was observed tonotopically along the cochlear length, according to the frequency spectrum of noise to which the subject was exposed. These tonotopic lesions were broader and less severe than the juxtafenestral lesions. OHC loss was more severe than IHC loss, suggesting greater vulnerability of OHCs than IHCs to noiseinduced damage. Higher center frequency noise bands (e.g., 2-, 4-, or 8-kHz) were more effective at generating noiseinduced hearing loss than lower center frequency noise bands (e.g., 0.5-or 1-kHz), and broadband noise caused more severe hearing loss and greater hair cell loss than any of the octave band noises. However, Hawkins et al. (1976) noted "a 'central tendency', reminiscent of the familiar 4-kHz dip in the audiograms of patients with noise-induced hearing loss," referencing the tendency of the mid-cochlear (and more basal) regions to be more vulnerable to noise damage, regardless of the spectrum of the noise exposure.
Behavioral audiograms revealed that these macaquess experienced TTS of up to 60-85 dB and PTS typically peaking around 40-55 dB. Both TTS and PTS were highly symmetric within a given subject. While TTS did not increase throughout the course of exposure, PTS accumulated over time, with greater losses observed after longer exposure durations (Hawkins et al., 1976; Moody et al., 1978 ; also demonstrated in chinchillas: Clark and Bohne, 1978) . Moody et al. (1978) concluded that their data supported a strong relationship between cochlear pathology and audiometric threshold, again furnishing the place theory of hearing, but a closer examination of the data suggest a weak relationship with several exceptions. Importantly, some subjects had significant PTS accompanied by minimal hair cell loss along the entire cochlear length . The authors suggested that some hair cells, though still present, must have experienced extensive damage without being lost. In a subsequent publication, Stebbins et al. (1979) argued that these data supported the notion of two distinct receptor cell types in the cochlea. Through investigations of behavioral thresholds and cochlear damage following ototoxic treatment in chinchillas, Ryan and Dallos (1975) concluded that OHCs were necessary for normal hearing detection and that OHCs facilitate normal IHC function. Still regarded today as largely true, Stebbins et al. (1979) provided the critical cross-species validation by comparing across datasets in chinchillas, guinea pigs, patas monkeys, and macaques.
The same researchers at University of Michigan also studied TTS in macaques using 2-kHz octave band noise continuously presented at 90 dB SPL for 36-90 days (Scheib et al., 1975a; Scheib et al., 1975b) . The minimal descriptions available from these studies suggest that TTS accumulated to an initial plateau of approximately 20 dB over the first 7-12 h of exposure (sometimes described as an "asymptotic threshold shift"; Clark and Bohne, 1978) . Thresholds continued to increase, though much more slowly, over the next 5-7 days until leveling to a second plateau, approximately 10 dB higher than the initial TTS. Considerable inter-subject variability was noted. One subject had much larger threshold shifts (60 dB) than the other three, and when thresholds were measured 72 h following termination of the noise exposure, sensitivity had fully recovered in two subjects and the remaining two had PTS of 15-25 dB. Thus, a stimulus that initially caused only a TTS eventually caused a PTS in 50% of the NHPs. All subjects had scattered hair cell loss that was not predicted by the TTS or PTS. These studies demonstrate the extent to which susceptibility can vary, even in a small cohort of NHP subjects. Pugh et al. (1973) , also at the University of Michigan, conducted chronic intracochlear recording in NHPs to investigate the relationship between noise-induced changes to the auditory nerve action potential (AP) and behavior (Pugh et al., 1974; Pugh et al., 1979) . Following exposure to 8-kHz octave band noise at 114 dB SPL for 30 min, pigtail macaques and squirrel monkeys exhibited a mild TTS that was larger in behavioral than neural measures (Pugh et al., 1974) . Furthermore, although relatively small reductions in the suprathreshold AP amplitude were observed in these monkeys, an increase in the slope of the AP input/output function was interpreted as evidence of loudness recruitment (Pugh et al., 1974) .
To test this more directly, Pugh et al. (1979) estimated loudness recruitment by examining the effects of stimulus intensity on behavioral reaction times and AP latency in monkeys before and after noise exposure. Subjects were exposed to 8-kHz octave band noise at 108 dB SPL for 1 h to induce TTS and were later exposed to the same noise at 118 dB SPL for 8 h daily for 20 days to induce PTS. Indeed, reaction times for low-intensity sounds were much longer following noise exposure (during TTS and following PTS) and the slope of the reaction-time vs stimulus intensity function was increased, while reaction times for high intensity tones were unchanged. The AP latency vs stimulus intensity functions showed comparable results, and the OHC loss observed in the PTS ears was interpreted as evidence that loudness recruitment may be related to OHC function.
In relation to their previous work investigating loudness recruitment in normal hearing macaques (Stebbins, 1966; Stebbins and Miller, 1964) , Moody et al. (1980) used a more acute model of TTS to investigate changes in the latencyintensity function. Macaques were exposed to 1 or 2 h of 2-kHz octave band noise at 100 dB SPL. As thresholds recovered over the next 48 h, reaction times were recorded across tone levels. Consistent with the findings of Pugh et al. (1979) , these results suggested that the subjects had loudness recruitment during TTS recovery, as evidenced by the increased slope of the latency-intensity functions. Once hearing sensitivity recovered to pre-exposure levels, the latencyintensity functions also returned to normal. These investigations of loudness recruitment were some of the only early nonhuman primate studies of noise-induced hearing loss (including TTS or PTS) to examine perceptual changes beyond basic hearing sensitivity.
Concurrently, researchers at Henry Ford Hospital in Detroit, Michigan began investigating the time course of TTS in squirrel monkeys exposed to 500-Hz octave band noise. The subjects underwent several exposures of varying durations across several days to weeks. Hearing sensitivity was assessed behaviorally at 750 Hz only. Nielsen et al. (1978) observed 5-10 dB of initial TTS growth during the first 1-8 h of noise exposure, followed by a continuous increase in TTS severity with increasing exposure time (up to 48-h duration). This lack of asymptotic threshold shift contrasts the findings described above (Hawkins et al., 1976; Moody et al., 1978; Scheib et al., 1975a; Scheib et al., 1975b) . Following cessation of the noise exposure, TTS recovered in a biphasic manner: an initial fast phase (<15 min) followed by a slow phase (up to 48 h). Higher intensity exposures caused more severe TTS and longer recovery times. The results of these studies were remarkably similar to human studies of TTS growth and recovery. In a follow-up study, Nielsen et al. (1984) observed faster TTS growth in subjects with continuous-as opposed to interrupted-noise exposures. Despite large variability in severity of TTS and TTS growth rate, all subjects recovered back to normal hearing sensitivity within a few days after exposure.
A separate group studied changes in middle ear acoustic immittance following PTS caused by broadband noise exposure in squirrel monkeys (Jerger et al., 1978b) . Tympanometry and acoustic reflexes (elicited by 0.5, 1, 2, and 4 kHz tonebursts and broadband noise) were measured before and after exposure to 108-118 dB SPL noise for 1-2 h over the course of multiple days. While tympanometry showed excellent middle ear compliance pre-and post-exposure, suggesting that there were no permanent effects on the integrity of the tympanic membrane and ossicular chain, the acoustic reflex thresholds predicted the severity and extent of cochlear hair cell loss.
C. High intensity pure tone exposures
Pre-dating the use of noise as an exposure stimulus, researchers utilized high intensity pure tone exposure to examine TTS growth and recovery and the accumulation to PTS in macaques (Harris, 1967) . Harris (1967) was particularly interested in predicting susceptibility to PTS from TTS, so he employed a cross-species approach of humans, rats, and macaques (though it is important to note that exposure stimuli and conditions were quite varied across experiments and species). Macaques were exposed to 2-kHz tones for 30-60 min, with tone levels increasing from 90 to 120 dB SPL over several sessions. Higher exposure levels caused greater TTS and a mild PTS (<30 dB) accumulated across several exposures for 75% of the macaques (Harris, 1967) . The one NHP subject that did not develop PTS was also notably more resistant to TTS than the others. No other obvious trends between TTS and PTS were observed for the remaining subjects. Humans and rats exhibited similarly weak TTS-PTS relationships (Harris, 1967) .
In contrast to octave band or broadband noise, pure tones generate narrower activation patterns in the cochlea. Therefore, exposure to high intensity tones should lead to narrower cochlear lesions and a more limited spectrum of threshold elevation. In two seminal studies, Hunter-Duvar and Elliott (1972, 1973) monaurally exposed squirrel monkeys to 1-or 2-kHz pure tones at 120, 130, or 140 dB SPL. Behavioral audiograms were measured prior to obtaining cytocochleograms for the exposed and unexposed ears. Shorter duration exposures (5-15 min) elicited up to 30 dB TTS, with no differences in IHC or OHC counts between the exposed and unexposed ear. Longer duration (2-4 h) and higher intensity exposures ultimately generated PTS. However, severity and extent of PTS varied extensively across subjects, ranging from 20 to 50 dB peak loss anywhere between 1-and 6-kHz.
The impact of these experiments, however, comes from the fact that Hunter-Duvar and Elliott did not observe any measurable relationship between hair cell loss and PTS. For example, one subject presented with a 50 dB PTS following a three-hour exposure to a 1-kHz tone at 140 dB SPL but had normal hair cell counts bilaterally. Additionally, a different subject had less than 20 dB PTS following a four-hour exposure to a 140 dB SPL 1-kHz tone but exhibited complete loss of OHCs and some IHC loss along the entire basal half of the overexposed cochlea. No subjects showed narrow, tonotopically localized cochlear lesions, as might be predicted by cochlear mechanics. Instead, either unilateral basal cochlear lesions of varying extent were observed or no observable damage was present at all. Pure juxtafenestral lesions were not observed in any of the subjects.
A few years later, Lonsbury-Martin and Martin (1981) used short (3 min) 100 dB SPL pure tone exposures to create mild, quickly reversible monaural TTS in macaque monkeys. Behavioral thresholds typically recovered within 15-20 min post-exposure. High frequency tones elicited more severe TTS and longer recovery times than low frequency tones. Single unit recordings in the cochlear nucleus and inferior colliculus of the awake subjects revealed that neurons in the CN and IC typically exhibited larger threshold shifts and took longer to recover to baseline levels when compared with behavioral thresholds.
In a follow-up study, Lonsbury- Martin et al. (1987) conducted repeated monaural pure tone exposures over the course of 12-18 months, using similar stimulus conditions as the 1981 study. After 12 months of 100 dB SPL pure tone exposures accumulating to a total of 5.5 h, one subject had a narrow cochlear lesion (complete loss of IHCs and OHCs) in the mid-basal cochlea, but did not have any measurable PTS. The two macaques that underwent 18 months of 100 dB SPL pure tone exposures accumulating to 13-14 h had up to 10-15 dB PTS between 8 and 16 kHz. Cytocochleograms revealed a narrow cochlear lesion in one subject and normal cochlear anatomy in the other. Once again, these data suggest that sounds that initially only cause a TTS can accumulate to create PTS, but the underlying cochlear pathology is not well predicted by audiometric threshold shifts.
D. Impulse noise exposures
Due to the Department of Defense's vested interest in noise-induced hearing loss, many experimental paradigms are intended to model noise exposure conditions experienced by military personnel. High intensity impulse noises have been used in studies of humans and animals to probe the effect of blast exposures on hearing sensitivity. In fact, the earliest studies of noise-induced hearing loss in NHPs were completed in rhesus macaques by Romba and colleagues in the early 1960s using highly realistic military exposure conditions (Martin et al., 1962; Romba, 1962; Romba and Gates, 1964) . Subjects were seated in a tank and exposed to machine gun blasts, which were approximately 165 dB SPL. Audiograms were obtained immediately following blast exposure and repeated over the course of 72 h. TTS was greatest (up to 20 dB) at 2-and 4-kHz, less severe at 6-, 8-, and 12-kHz, and not present below 1-kHz. Following multiple exposures, some subjects acquired PTS while others did not. TTS recovery and PTS accumulation varied extensively across subjects (Romba and Gates, 1964) , suggesting large individual differences in susceptibility to NIHL. Luz and Hodge (1971) also undertook experiments to probe the effect of blast exposures on hearing sensitivity in rhesus macaques and humans, specifically inquiring about TTS recovery patterns following exposure to blasts and to continuous broadband tank noise (110 dB SPL, 12-min duration). Following exposure to two 168 dB SPL impulses, subjects had TTS ranging from 5 to 40 dB that recovered to baseline sensitivity in as little as 20 min in some subjects or up to 32 h in others. Recovery patterns suggested two independent pathophysiological processes with different time constants (consistent with the observations of Nielsen et al., 1978; Nielsen et al., 1984) , resulting in five distinct TTS recovery pattern classifications. Subjects underwent several impulse noise exposures and several continuous noise exposures. Severity of TTS and recovery pattern varied extensively by subject, test frequency, exposure type, and exposure number. In comparison to young adults exposed to gun shots in the laboratory, macaques had more severe TTS and slower recovery times. However, monkey and human shared the same recovery patterns, suggesting similar pathophysiology across species (Luz and Hodge, 1971) .
Following their initial study, continued exposing the macaques to the impulse and continuous noises in order to generate PTS, with four weeks between exposures in order to reach maximal hearing recovery. As seen in nearly all studies described thus far, the magnitude and recovery pattern of TTS, the magnitude and bandwidth of PTS, and overall individual susceptibility was highly variable across subjects. However, a few unique findings are worth mentioning in greater detail here. First, seven of the nine subjects showed less severe TTS following their second noise exposure than following their first noise exposure. This and similar findings have been posited as a "toughening of the ears," or an increased resistance or tolerance of damage within the cochlea. Taken together with the notion that TTSrelated noise damage can accumulate to generate PTS, one can certainly appreciate the complexity of noise-induced cochlear pathology. Second, the majority of subjects required many noise exposures to induce even a mild, high frequency PTS (e.g., a series of 10 or 20 impulse noises resulted in 10-25 dB PTS). Macaques seem quite robust to blast exposure, albeit more susceptible than humans. Third, most subjects exhibited improved low frequency hearing sensitivity following noise exposure in the presence of high frequency PTS. The reason for this improved sensitivity is unknown, but has been reported by others . Jordan et al. (1973) completed cytocochleograms on the macaque cohort. The extent and severity of hair cell loss was highly variable across subjects, ranging from normal IHC counts with a few missing OHCs and auditory nerve fibers to large basal wipeouts to isolated midcochlear OHC losses. All subjects exhibited juxtafenestral lesions of differing extents. Furthermore, hair cell damage was not well predicted by the pure tone audiogram . Jordan et al. (1973) noted that hair cells adjacent to areas of loss were often swollen or damaged, suggesting ultrastructural damage and possible malfunction. At the level of the hair-cell and audiogram, cochlear pathology resulting from impulse noise exposure does not seem to differ from the damage resulting from continuous noise or pure tone exposures in NHPs.
E. Recent nonhuman primate studies of noiseinduced hearing loss
In the 30þ years since the last studies of NIHL in NHPs, many methodological improvements have emerged including advanced behavioral assays, novel histological preparations including immunohistochemistry, higherresolution imaging methods, and improved electrophysiological measures. Due to these advances, it is appropriate to revisit the classical studies of macaque noise-induced hearing loss in order to gain a more complete understanding of the relationship between noise exposure, cochlear pathology, auditory pathway integrity, and behavioral manifestations.
The first application of these comprehensive and updated methodological approaches in NHPs was completed by the present authors (Valero et al., 2017) . In this study, cochlear function was assessed by ABRs and DPOAEs in macaques following exposure to narrowband noise at SPLs ranging from 108 to 146 dB SPL. Histopathological assessments of hair cell and synapse survival revealed a vulnerability of IHC ribbon synapses even in cases of TTS and in the absence of IHC or OHC loss. Furthermore, this study revealed that in instances of severe PTS accompanied by IHC and OHC loss, the loss of ribbon synapses can be quite robust in the IHCs that survived the noise exposure and recovery time.
In a companion study designed to establish perceptual consequences of cochlear histopathology in NHPs, and for comparison with the human literature, noise-exposed macaques were trained to detect tones in quiet and in the presence of various background noises before and after a four hour narrowband noise exposure that caused PTS (Hauser et al., 2018) . Following noise exposure, subjects had PTS of 40-60 dB across a narrow range of tone frequencies in quiet. Macaques with PTS had a slower increase in detection thresholds in increasing levels of broadband background noise maskers (i.e., a lower threshold shift rate), and a reduced release from masking in the presence of amplitude-modulated masking noise, to a degree that correlated with the magnitude of PTS across test frequencies. Additionally, threshold shift rate was significantly correlated with IHC, OHC, and synapse loss observed in a cohort of NHPs that underwent an identical noise exposure (from Valero et al., 2017) . We are continuing studies of these and other noise exposed animals in order to investigate changes in auditory perception following TTS and PTS. These data serve as one of the first direct corroborations of complex auditory perception (beyond a behavioral audiogram) and cochlear histopathology following noise-induced hearing loss for any species.
F. Summary of NHP noise exposure studies
Despite the relative paucity of primate studies of noiseinduced hearing loss, several noteworthy conclusions, including conspecific trends, can be gleaned from this literature:
(1) Higher intensity and longer duration stimuli generate more severe cochlear damage, starting with OHC damage/loss, followed by IHC loss. (2) A stimulus that initially causes a TTS can, with repeated exposures, eventually cause a PTS. (3) The basal-most region of the cochlea is more susceptible to noise-induced damage than the apical regions, regardless of the characteristics of the exposure stimulus. (4) Severity of TTS can predict the likelihood, but not the severity, of PTS. (5) The relationship between severity of cochlear damage and the magnitude of TTS or PTS remains unclear. (6) The lack of relationship between severity of cochlear damage and degree of TTS or PTS may be due to ultrastructural damage that is not visible in light microscopy.
These pathophysiological processes may also account for the different configurations of TTS recovery over time. (7) NHPs are more resistant to noise-induced damage than other laboratory species, but more susceptible than humans (Luz and Hodge, 1971; Luz and Lipscomb, 1973; Stebbins et al., 1979; Valero et al., 2017) .
IV. NONHUMAN PRIMATES AS A MODEL FOR DEVELOPMENT AND VALIDATION OF THERAPEUTICS FOR NOISE-INDUCED HEARING LOSS
A. Overview
The discovery and validation of therapeutic approaches to treat medical conditions, such as hearing loss, is an extremely long process fraught with numerous challenges. Only a tiny fraction of the promising therapeutics that reach clinical trials are effective, let alone ultimately approved, by the FDA (Garner, 2014) . Long before the commencement of clinical trials, prospective treatments are developed and validated in small animal models, typically mice and other rodents.
Intermediate species (e.g., canines, felines, NHPs) are used when deemed appropriate. As a recent example, Voretigene became the first FDA-approved gene therapy for correction of a specific gene mutation in the U.S. (PetersenJones and Kom aromy, 2015; Russell et al., 2017) . In earlier stages of development, the procedure was refined and vetted in rodents, then applied to a large-animal canine model for further validation (Acland et al., 2001 ). This was a suitable choice as the mutation naturally occurs in some dogs. By virtue of their close phylogenetic relationship to humans, the use of NHPs as an intermediate animal model may be an appropriate choice to increase confidence in the application and translation of foundational discoveries made in other species. Indeed, as mentioned above, NHPs have been chosen for development of diagnostics and therapeutics where phylogenetic similarity was an important factor (e.g., cardiology, cognition, genetics, HIV/AIDS, immunology, pharmacology, reproduction, respiratory disease) (Phillips et al., 2014) .
Ideally, species selected as models would provide information that translates directly to humans with high sensitivity and specificity in a manner that is cost-effective. Unfortunately, the path is rarely this direct. In theory, translational challenges from rodents to humans should be minimal for highly conserved biological targets (e.g., hair cells), and the necessity of a large-animal intermediate could potentially be minimal. In practice, unforeseen factors combine to impede progress (Perlman, 2016) , as successful outcomes may also depend on interactions with other factors, such as body size, inflammatory response, metabolic rate, hormonal composition, biocompatibility, etc.
The development of pharmacologic and gene therapies for acquired and hereditary forms of hearing loss has rapidly progressed over the last decade, but most therapies remain at a relatively early stage. The vast majority involves rodent models, and none of the datasets derived from systematic testing in a large animal intermediate have been publicly disclosed. Here we consider a few of the many factors that may significantly impact the development of effective therapeutics, including species differences that may pose challenges to translation.
B. Species differences in susceptibility to NIHL As briefly mentioned above, susceptibility to NIHL (PTS, TTS) and related conditions (e.g., hyperacusis, tinnitus) appears to differ significantly between individuals and species (Dobie and Humes, 2017; Henderson et al., 1993; Knipper et al., 2013; Luz and Hodge, 1971; Luz and Lipscomb, 1973; Sliwinska-Kowalska and Pawelczyk, 2013; Stebbins et al., 1979; Valero et al., 2017) , including strains of inbred mice used in research . Controlled studies in NHP and humans are relatively rare (or prohibited), and often have lower subject numbers, variable or unknown noise exposures, and less control of contributing factors such as exposure history, lifestyle, sex, age and genetics.
An important observation is that the exposures sufficient to generate TTS and PTS are lower overall in rodents than NHPs and humans (see Table I ; also discussed in Dobie and Humes, 2017; Valero et al., 2017; Yankaskas et al., 2017) . The range of SPLs that cause cochlear damage in mice, ranging from synaptopathy to hair cell loss, is relatively small when compared to NHPs and humans. In mice, a single exposure to octave-band noise of 97-98 dB SPL causes TTS, accompanied by a narrow-band synaptopathic lesion, while an increase to 116 dB SPL can rupture the reticular lamina, leading to large wipeout regions in the organ of Corti . In macaque monkeys, the range of exposures over which these effects have been observed spans 108-146 dB SPL (Valero et al., 2017) . Cochlear synaptopathy of approximately 30% accompanied a single TTSinducing 108-dB exposure to narrowband noise, whereas a single 146-dB exposure caused PTS, substantial synaptopathy (up to $80% in a given region), and hair cell loss. Comparable PTS data and hair-cell counts have been reported in other NHP studies and humans (see Table I ).
C. Factors influencing therapeutic efficacy
The mouse model is invaluable for early-stage development and validation of potential therapeutics, particularly when a transgenic model can add value to mechanistic questions. However, mice and humans often respond differently to the same treatments (Perlman, 2016) , and there are obvious anatomical differences that may limit the translation of a given approach (see Secs. IV C 2 and IV C 3). Therefore, an intermediate translational model will likely be essential when developing drugs and the delivery approach for humans. For some treatments, intermediate testing in NHPs may be an effective strategy to optimize effectiveness and reduce risk, with respect to the biological target, design of the therapeutic agent, delivery route, therapeutic window, and other (perhaps unforeseen) factors. A few of these are highlighted here.
Genetics
Similarities and differences in gene expression and regulation between species are certain to be important factors with respect to hearing and hearing loss. Several studies have linked genomic variations to significant differences in anatomy and physiology, as well as to hearing loss (Dou et al., 2003; Hosoya et al., 2016a; Hosoya et al., 2016b; K€ oppl et al., 2018; Makishima et al., 2005; Matsuzaki et al., 2018; Plum et al., 2001; Suzuki et al., 2007; Van Laer et al., 2006 , 2005 . Transcriptome profiling has been productively applied to the cochlea and portions of the central pathways of humans and mice (Burns et al., 2015; Cai et al., 2015; Guo et al., 2016; Hackett et al., 2015; Schrauwen et al., 2016) , while studies of the impact of NIHL on gene expression are beginning to emerge (Frenzilli et al., 2017; Lavinsky et al., 2016; Manohar et al., 2019; Manohar et al., 2016; Sun et al., 2008) . To date, none include NHPs, although improved diagnostic and treatment efficacy could potentially be fostered by studies in species with closer phylogenetic and developmental similarity to humans. This may be especially relevant for applications involving gene therapy (Ahmed et al., 2017; Gao et al., 2018) , where genomic and gestational differences between species are significant factors in treatment efficacy .
Inner ear anatomy
Fortunately, the major structures in the cochlea (hair cells, supporting cells, neuronal types) are highly conserved across species, implying relative uniformity with respect to biological targets. However, the dimensions of most structures and fluid filled compartments (i.e., hair cells, supporting cells, stereocilia, round window, oval window, scala tympani, scala media, scala vestibuli, cochlear aqueduct, endolymphatic duct, round window membrane, etc.) vary significantly between species and in a manner that could impact one or more aspects of drug delivery (Glueckert et al., 2018) . For example, differences in fluid volume and flow in the perilymphatic or endolymphatic spaces may contribute to pharmacokinetic variability (Salt and Hirose, 2018) . The volume of the macaque inner ear is about 24 times greater than mouse, and the human cochlea is about three times larger than macaques (Dai et al., 2017; Ekdale, 2013; Kirk and Gosselin-Ildari, 2009 ). Basilar membrane lengths range from a mean of 6.8 mm in mice, 12.1 mm in rats, 20.5 mm in guinea pigs, 22.5 mm in cats, 27 mm in macaques, 29 mm in baboons (Wright et al., 1987; Felix, 2002) , compared to a mean of 35 mm in humans (Kirk and Gosselin-Ildari, 2009 ). NHPs have one row of inner hair cells and three rows of outer hair cells, with ectopic or supernumerary hair cells frequently noted (Valero et al., 2017) , consistent with reports in humans (Rask-Andersen et al., 2017) .
An important feature related to labyrinthine volume concerns the patency and dimensions of the cochlear aqueduct, which is longer and narrower in NHPs and humans (Gopen et al., 1997) . This channel links the scala tympani with the subarachnoid space in the brain and is a potential route by which drugs delivered to the scala tympani could exit the cochlea or mix with incoming CSF. Rodents and primates appear to differ with respect to CSF influx and efflux through this channel. These and numerous other factors (not discussed here) can significantly alter the pharmacokinetics of drugs delivered to the perilymph, and differentially impact basal and apical regions (Salt and Hirose, 2018; Salt et al., 2016) . Comparable principles impact pharmacokinetics in the middle ear, as well. Accordingly, species differences are important considerations, and while modeling may be a useful guide, direct testing in large animal models may be needed to validate predictions and/or refine the models.
Innervation of the cochlea
Afferent and efferent innervation appears to be fairly well conserved between species, although intensive studies in NHPs are lacking. Branching of type 1 radial afferent fibers has been noted in NHPs (Kimura, 1975) , as well as rats (Perkins and Morest, 1975) , guinea pigs (Fernandez, 1951) , cats (Liberman, 1982; Perkins and Morest, 1975) , and humans (Nadol, 1983) . Additionally, human spiral ganglion cell somata are primarily unmyelinated (Nadol, 1988; Ota and Kimura, 1980; Rattay et al., 2013) , unlike most other laboratory species (Rattay et al., 2013) . It is unknown whether NHP spiral ganglion cell somata are myelinated.
While there are very limited data on NHP auditory nerve fiber (ANF) physiology (Katsuki et al., 1962; Nomoto et al., 1964; Nomoto, 1980; Joris et al., 2011) , all studies seem to stray from the properties observed in other laboratory species. For example, macaques do exhibit a bimodal population distribution of ANF spontaneous rates similar to that observed in other mammals (Nomoto et al., 1964; Joris et al., 2011) . However, there is no clear evidence for a relationship between spontaneous rate and threshold at the ANF's characteristic frequency in macaques (CF; an ANF's most sensitive frequency; Joris et al., 2011; Nomoto et al., 1964) . The relationship between CF threshold and spontaneous rates of auditory nerve fibers is one of the most important features of the findings in other mammalian species (e.g., Liberman, 1978) . These results suggest that one of the primary organizational principles of the auditory periphery may be different in primates relative to other mammals, causing concern for translatability (Hickox et al., 2017) . This is especially relevant to pathologies like synaptopathy, which preferentially affects low spontaneous rate ANFs in rodents (Furman et al., 2013; Song et al., 2016) .
Delivery route
The effective delivery of therapeutic agents to the inner ear is an active area of exploration. Major factors include the route of delivery and composition of the therapeutic. Both factors may be significantly impacted by species specific features, with implications for translation to humans. Promising delivery routes include transtympanic injection into the middle ear space (tympanum), direct injection into perilymphatic space through the round window membrane, cochleostomy of the basal or apical turns, and injection into the posterior semicircular canal (Akil and Lustig, 2019; El Kechai et al., 2015; Isgrig and Chien, 2019; Lichtenhan et al., 2016; Suzuki et al., 2017) . Each has advantages and disadvantages, including the risk of unintended middle or inner ear damage. In addition, efficacy appears to depend on interactions between the delivery route and the biological target (cell type), the therapeutic agent, and various subject characteristics (Salt and Plontke, 2018) . A few examples follow.
Therapeutic window
Although afferent synapses on IHCs are immediately lost following acoustic overexposure, the terminal dendrites retract slowly and the neuronal cell bodies can remain in the spiral ganglion for months to years (Fernandez et al., 2015) . This offers a long window during which a therapeutic agent might encourage the reinnervation of IHCs by cochlear nerve fibers. Treatments under evaluation for NIHL typically involve delivery of the therapeutic agent (e.g., a viral vector encoding a gene of interest or a small pharmacologic molecule) within a window of hours to weeks after the exposure (Du et al., 2018; Sly et al., 2016; Suzuki et al., 2016) , or even prior to exposure . The optimal therapeutic window for humans is unknown, therefore preliminary studies in NHPs may improve predictions.
Properties of therapeutic agents
A thorough discussion of the factors related to design of potential therapeutic agents is well beyond the scope of this review, however a few relevant observations are highlighted here.
For genetic and acquired hearing loss, viral mediated gene delivery for cell-type-specific targeting currently offers the most promise for effective treatments (Ahmed et al., 2017; Akil and Lustig, 2019; Chien et al., 2015; Fukui and Raphael, 2013; G el eoc and Holt, 2014; Holt and Vandenberghe, 2012; Zheng and Zuo, 2017) . Adenoassociated viruses (AAV) are the most promising vectors for gene transfer. Scores of serotypes, identified from screens in NHP and human tissue (Gao et al., 2004; Gao et al., 2002) , are now known, but transduction appears to vary by cell type (Kim et al., 2019) . In addition, tropism patterns have not been determined for most serotypes, and could certainly vary by species and biological target. Fortunately, the conservation of cellular and molecular features between species appears to be quite high, suggesting that cell-type specific therapies vetted in rodents may also be effective in primates, including humans. Indeed, recent findings indicate that the synthetic AAV vector Anc80 can efficiently transduce cochlear hair cells in macaques in a dose-dependent manner (Francis et al., 2019) . However, differences in the expression and regulation of some genes and proteins can be substantial, and these should be carefully considered in the design of therapeutics.
For the treatment of NIHL or other conditions by pharmacologic agents (e.g., anti-inflammatories, neurotrophins, antibiotics), translational efficacy also depends on myriad factors, many of which remain incompletely defined. The resultant impact on pharmacokinetics appears to depend on interactions between the anatomical features briefly highlighted above and the delivery method, dosage, and physical properties of the compound (Salt and Plontke, 2018) . Species differences are well characterized for very few of the compounds currently in clinical use, thus it remains to be determined how predictive these data will be for novel formulations.
Conclusion
Overall, the data highlighted in this section reveal that multiple interdependent factors contribute to treatment efficacy. The differences between species in this respect are not merely a matter of scaling but involve complex interactions between factors that cannot be reliably predicted from modeling alone. Direct testing in animal models and humans will be needed to augment predictions, and given the sizable differences between mice and humans, we suggest that NHPs are an ideal intermediate species for improving the efficacy and safety of this process.
V. PRACTICAL CONSIDERATIONS
The paper thus far highlights the importance of the NHP model to investigate noise induced hearing loss, both the basic aspects as well as the clinical translational and therapeutic aspects. While there are many possible opportunities to important and fruitful research plans, there are a few practical matters to consider. As opposed to rats and mice, the care and use of NHPs is regulated by the United States Department of Agriculture (USDA), and are under much stricter oversight from the Institutional Animal Care and Use Committee and veterinary staff. The institutional laboratory animal veterinary staff then must include expertise in primate medicine to assure and provide adequate veterinary oversight of the animals in the research program. In addition, the program needs to ensure the provision of species-specific environmental enrichment to adhere to the USDA policies as expressed in their document, Guide for the Care and Use of Laboratory Animals. Making sure that such requirements are met requires additional staff with specialized training.
A second consideration is space. Macaques are larger than the traditional laboratory animal species used (mice, rats, gerbils, guinea pigs, cats, etc.), and this necessitates greater housing room. As with other species, the space requirement varies with the body weight of the animal; the smallest primates require the least space per animal. Minimum space requirements range from about 2.1 sq. ft/ animal for the smallest animals (<1.5 kg) to >25 sq. ft. for animals over 30 kg. These are much larger compared to the range for mice (6 ->15 sq. in/animal), rats (17-70 sq. in.), and guinea pigs (60-100 sq. in./animal). The minimum space requirement for the smallest primates are about four times the space requirement for the largest rats and three times the caging size requirements for the largest guinea pigs. Further, the social nature of nonhuman primates requires that they are socially housed in pairs or groups. Additionally, primates are required to have enough vertical space to permit standing vertically on two legs, to swing from the cage ceiling without hitting the floor, and to make brachiating movements.
These constraints increase the space requirements to house and maintain these valuable animals.
The third consideration is the monetary costs for acquiring and maintaining primates. These costs include purchasing, shipping, and housing. A survey of nonhuman primate vendors revealed that the purchase costs were species dependent and far higher than that of common rodents. In comparison to the cost of a mouse or a rat, squirrel monkeys cost about 100-130 times as much, marmosets cost about 140-200 times, and macaques range from 200 to 300 times the cost. The shipping costs depend on the distance between the institutions and the vendor, ranging from $4000 to $12 000 per batch of primates. Housing costs were extrapolated from the 2017 Yale University survey on housing costs, with information collected from 57 institutions, with an annual increase of about 3%. These costs depended on the primate species and institution (public vs private, location within the United States of America). Housing or per-diem costs range from about 12 times the cost of a mouse cage (typically 3-5 mice) to 25 times the cost of a cage of mice, depending on the location. While it is true that most NHP labs utilize fewer subjects and maintain the same colony for many years, costs remain significantly greater than those incurred by rodent research programs. Such high costs necessarily constrain the funds that can be devoted to nonanimal costs given the limited funds provided by funding agencies to perform the studies that have highly variable effects, as discussed above.
VI. FUTURE DIRECTIONS
Given the relatively sparse literature on nonhuman primates and NIHL, the opportunities are vast, and the primate is an excellent candidate to fill the gaps in our knowledge. We propose some broad classes of studies that would be essential to further our understanding of the mechanisms of NIHL, their perceptual effects, and treatment option to ultimately reverse the effects of the noise exposures. In spite of the considerations discussed above, these essential experiments would advance our knowledge of basic mechanisms and enhance the translatability of the growing rodent and human literatures on noise-induced pathologies.
(1) Genomics. Although the human genome is more similar to NHPs than mice and other species (Breschi et al., 2017; Marques-Bonet et al., 2009) , they are not identical, and the differences in structure and function can be significant in ways that limit translation (Bailey, 2005) . For many genes, structural and functional conservation is quite high, suggesting a better prognosis for translation, while for others, species differences are substantial, even in homologous structures Chen et al., 2016; Konopka and Geschwind, 2010; Mashiko et al., 2012; Mitchell and Silver, 2018; Sousa et al., 2017; Zeng et al., 2012) . For this reason, predictions about functional outcomes for a specific biological target (e.g., hair cells, auditory nerve) must be determined in a cell-or tissue-specific manner for each species. To improve predictions and outcomes, genomic and proteomic profiling of peripheral and central auditory structures should be pursued in NHPs and humans for comparison with other models. (2) Inner ear anatomy and physiology. Descriptions of the structural and functional features of the inner ear and major cochlear structures have not been systematically carried out for NHPs, and existing data may lack essential details. Advanced understanding of key features (e.g., dimensions of fluid compartments, cell types, innervation, membrane permeability, fluid dynamics) could greatly enhance functional modeling and therapeutic design (i.e., pharmacological, gene therapy). Further, characterizing the physiological encoding schemes and their changes with the structural damage caused by noise exposure will also aid in identifying physiological and behavioral assays for differential diagnosis of specific cochlear pathologies. (3) Clinically viable assessment tools. Development of sensitive new tools to augment routine audiological assessments are needed to identify different forms of auditory pathology caused by overexposure to noise (e.g., synaptopathy with and without hair cell loss), and perhaps distinguish those patterns from hearing loss caused by other factors (e.g., aging, hereditary factors, ototoxicity). The same tools could be used to assess recovery from NIHL, or other pathology, as therapeutic tools move toward clinical trials in humans. Research involving NHPs will be invaluable in this regard, as assessment tools can be developed and subsequently validated by histological analyses of the cochlea, auditory nerve, and central pathways, with support from direct recordings from these structures (see Valero et al., 2017) . (4) Individual variability. It is often noted that two subjects with identical noise exposure histories can have very different cochlear pathology and performance in perceptual tasks. This difference in susceptibility to noise exposure has been attributed in the literature to "tough" and "tender" ears (Cody and Robertson, 1983; Maison and Liberman, 2000) . It is not a big stretch to extend the individual variability to treatment effectiveness as well. Coupled with the large inter-and intra-species genetic variability that is observed in primates (including humans, reviewed briefly above), individual variability should be systematically investigated. These investigations may ultimately shed light on efficacious treatment options to combat NIHL.
